Mutations of the neurofibromin gene (NF1) cause neurofibromatosis type 1 (NF1), a disease in which learning disabilities are common. Learning deficits also are observed in mice with a heterozygous mutation of Nf1 (Nf1 
introduction
Neurofibromatosis type 1 (NF1) affects an estimated 1 in 3000 people worldwide. NF1 is caused by a heterozygous mutation in the gene encoding neurofibromin, a Rasspecific GTPaseactivating protein (Ras GAP). Neurofibromin attenuates activity of Ras-mediated signaling by activating the hydrolysis of Ras-GTP to inactive Ras-GDP. Neurofibromin mutations result in increased Ras activity which causes a spectrum of clinical manifestations -benign tumors, bone defects, and vascular malformations. Almost 50% of people with NF1 have deficits in cognitive function, which may include learning disabilities, attentional disorders, and altered visual-spatial skills [1] . These behavioral abnormalities are recapitulated in a mouse strain with a germ line mutation in the Nf1 gene (Nf1 +/-) [2] [3] [4] and Nf1 null Drosophila [5] . A homozygous mutant mouse for Nf1 was also created; however, the double knock-out of the Nf1 gene was found to be embryonic lethal [2] . Because the
Nf1
+/-mouse expresses about half the amount of functional neurofibromin protein compared to wildtype mice and is a close representation of the human disease, it provides a powerful genetic model for delineating the signaling pathways affected in NF1.
The learning deficits seen in the Nf1
+/-mice include difficulties in spatial learning and decreased hippocampal long-term potentiation (LTP) [6] , a cellular mechanism of memory and learning. Although the mechanisms by which reduced neurofibromin function culminates in defects in hippocampal LTP and subsequent deficits in cognition and learning are not well understood, several lines of evidence suggest a multifactorial etiology. Genetic restoration of Ras activity to normal levels corrects the learning deficits and gamma-aminobutyric acid (GABA) receptor antagonists restore LTP to normal levels in these mice [6] .
Impairments in synaptic connectivity may account for 4 these LTP deficits. In support of this notion, several studies have suggested that neurofibromin also plays a key role in neuronal differentiation and actin cytoskeletal reorganization [7] . The GAP related domain (GRD) of neurofibromin is important in neuronal differentiation since expression of a dominant negative form of neurofibromin GRD in hippocampal neurons resulted in reduced axonal and dendritic branching/extension [7] .
It is well established that entry of Ca 2+ into presynaptic terminals through Ca 2+ channels is an essential step in the neurotransmitter release cascade [8, 9] . Consequently, 
Primary cortical neuronal cultures
Primary cortical cultures containing both glia and neurons were prepared from PN1 wildtype and Nf1 +/-mice as described [15] .
Following an aseptic dissection of cerebral cortices, the olfactory bulb and meninges were removed, and cortices were minced and incubated for 20-25 min at 37ºC in Papain 
Morphology analysis: neurite/ dendrite outgrowth and Sholl analysis of dendritic complexity
Neurite outgrowth was determined from lowdensity hippocampal neurons transfected with EGFP using Lipofectamine as described [14] . The morphometric analysis of neurite lengths of transfected green fluorescent cells was performed with Nikon Elements software by measuring neurites from neurons with a process longer than one neuronal cell body diameter [19] . In hippocampal cultures at Figure 1D , for wild-type neurons, V 50% was -10.0 ± 2.6 mV (n=7), which was not significantly different from that of Nf1 +/-neurons (-13.9 ± 1.0 mV, n=8; p>0.05, Student's t-test).
The slope factors for the Boltzmann fits (mV/efold change in conductance) were also not significantly different: 14.5 ± 2.6 (n=7) and 12.8 Figure 1E , for wild-type neurons, Figure 2D ). For wildtype neurons, V 50% was -32.4 ± 2.8 mV (n=5), which was not significantly different from that of Nf1 +/-neurons (-29.6 ± 2.9 mV, n=9; p>0.05; Figure 2D ). The slope factors were also similar:
18.2 ± 2.4 mV (n=6) for wild-type neurons and 16.5 ± 1.9 (n=7; p>0.05) for Nf1 +/-neurons.
These results indicate that the increase in total Ca 2+ current density seen in Nf1 +/-neurons is not Figure 2B ). In the presence of nifedipine, the steady-state activation of Ca 2+ channels from Nf1 +/-versus wild-type mice neurons was well described by the Boltzmann relation ( Figure 2C ) and V 50% was -7. currents from Nf1 +/-mice was shifted by almost 10 mV in the hyperpolarizing direction (*) whereas no change was observed in the slope of activation between the two genotypes. Bath solutions contained 1 μM TTX, 10 mM TEA, and 1 μM nifedipine to block Na Figure 3B ).
Interestingly, we observed a significant increase in the total cellular content of glutamate in cells from wild-type versus Nf1 +/-mice: 47.3 ± 3.8 nmol/well (n = 117 wells) versus 26.6 ± 3.4 (n = 48 wells), p<0.05, t-test; Figure 3C ).
Since the stimulated release of glutamate 
discussion
In this study we demonstrate that hippocampal neurons from mice with a heterozygous mutation in the Nf1 gene have increased calcium currents and glutamate release compared with wild-type neurons. Longer axon lengths and a more complex dendritic arborization were also observed in neurons from Nf1 +/-compared with wildtype mice. [7, 17, 34] . Notably, neurofibromin localizes to neurite-like processes of PC12 cells [17] as well as in neurites and synapses (not shown). Neurofibromin plays a role in acute cytoskeletal reorganization and cell motility [34] presumably via its neurofibromin-gap related domain (GRD) to mediate neurite extension in PC12 cells mediated by NGF [17] . We observed an increase in overall axon length as well as In conclusion, this study has shown that Nf1 
Calcium channel dysregulation in

